Low-speed wind tunnel tests have been made to investigate the flow around a leading-edge vortex flap at the maximum L/D condition. Tests were also made to measure the performance of the inverted vortex flap and the vortex plate. The force measurements and flow visualization tests were conducted on a 60deg delta wing model.
Introduction
A sharp-edged delta wing is often used for supersonic cruise aircraft because of its good supersonic performance. At subsonic speeds and particularly at take-off and landing, it is necessary for the delta wing aircraft to fly at a high incidence, in order to generate sufficient lift. At high incidence the flow separates from the leading-edges of the wing, wraps up and forms a pair of vortices over the upper surface. Each vortex is called a leading-edge separation vortex. The leading-edge separation vortex produces a large suction force over the wing which increases the lift component. However, there is also a high drag component associated with this suction force. Therefore the lift/drag ratio of the delta wing at low speeds is relatively poor. In this paper, experiments were conducted to gain more understanding of the complex flow around the LEVF. The delta wing model tested is the same as used in ref. 5 . Three different flap deflection angles were used in order to study the flow pattern differences around the LEVF.
When the LEVF is deflected upward instead of downward, it is expected that the leading-edge separation vortex would be formed at a lower incidence than for the normal wing ( fig. lb) . This vortex can increase not only the drag but also the lift at a low incidence. This large lift and drag component at low incidence might be helpful for the landing situation (ref.B). Hence in this report the inverted LEVF configuration was also tested. Rao & Johnson (ref.9) showed that a vortex plate, a type of leading-edge split flap, can also give substantial amounts of leading-edge thrust. The vortex plate is a thin plate attached to the lower surface of the leading-edge of the delta wing as is shown in fig.lc . At positive incidence separation occurs at the leading-edge of the vortex plate and at a particular incidence a spanwise vortex can form just in front of the leading-edge of the wing with the reattachment line along the leadingedge. This vortex induces a suction in the cavity between the delta wing and the vortex plate and so reduces the drag. In this paper, tests were made to improve the understanding of how the vortex plate works.
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In summary, the purpose of this research is 1) to gain more understanding of the flow around the LEVF, in order to determine the condition for the optimum L/D, 2) to discover the characteristics of the inverted vortex flap, 3) to investigate the benefits of the vortex plate. were tested. The inverted LEVF cases were measured at 6f=-10deg and -30deg.
The vortex plate ( fig.3 ) is made of 1mm thickness aluminium plate and has a sharp leading-edge. The plan shape is the same as that of the leading-edge region of the delta wing model and the width of the plate is 48mm. The plate was attached to the lower surface of the datum model (no LEVF deflection). The plate can be moved forward as shown in fig.3 . The position of the plate is defined by the chordwise distance g between the leading-edge of the wing and that of the vortex plate. In these tests the plate was set at g/Cr=0., 0.01 and 0.02. The position g/Cr=0. means that the leading-edge of the vortex plate coincides with the leadingedge of the wing in plan view.
8
The experiments were done in the Im x 0.69m low-speed open-jet wind tunnel. Lift and drag were measured using a T.E.M. three-component wind tunnel balance and the tunnel micro-computer data acquisition system. Measurements were made at tunnel speeds of UQO =20m/s and 30m/s. The Reynolds numbers based on the wing centreline chord were 6.1x10^ and 9.1x10^, respectively. The incidence of the model a was increased from -14deg until the stall occurred (about 34deg).
The model was mounted on twin shielded struts with a tail-sting for incidence control. A picture of the model, the tunnel balance and the wind tunnel is shown in fig.4 . The T.E.M. balance was calibrated before the experiments. The strut tare effect was taken into account and tunnel boundary corrections were applied to the measured data. The solid and wake blockage effects were corrected using the approximate method described in ref. The aerodynamic coefficients were calculated for every flap deflection angle, based on the same total projected wing area with no LEVF deflection. In many studies, the vortex flap is attached to the leading-edge of the delta wing, which causes an increase in model area. In our tests a hinged flap was fitted and the datum delta wing area was used in calculating all aerodynamic coefficients. For the vortex plate measurements, the datum wing area was used as a basis, even though the total area of the model is greater than that of the datum wing for g/Cr=0.01 and 0.02.
Flow visualization tests using the surface oil flow, smoke filament and flying tuft techniques were very helpful in describing the flow around the LEVF, 
Results and Discussion
The tabulated data including incidence, lift, and drag coefficients with and without tunnel wall corrections are presented in table 1.
Vortex Flap
The CL VS. a curves are shown in fig.5 for various LEVF deflection angles 5f at Reynolds numbers of 6.1x10^ and 9.1x10^. Because of load restrictions on the tunnel balance, incidences greater than about 15deg at Reci-=9.1xl0^ could not be used. Figure 5 shows that the CL decreases as the LEVF is deflected downwards at both Reynolds numbers. Similarly the CL increases as the LEVF is deflected upwards. Some 'bumps' are observed near the region of a=Odeg (5f=0deg), a=5deg (5f=10deg) and a = 10deg (5f=-30deg) for Recr=6.1xl0^. These 'bumps' diminish or reduce at the same incidence position for Recr=9.1xlO^. The separated shear layer on the wing at the lower Reynolds number is thicker than that at the higher Reynolds number and so may have a greater effect on the CL VS. a curves at the lower value of RccrThe CL is not zero at a=Odeg for the datum wing although the model is symmetrical. The reason for this is probably the two tunnel struts under the model which affect the flow pattern. Similarly the CL-a curves for a positive and 5f=
-lOdeg and -30deg should be similar to the curves for a negative and 5f=10deg and 30deg. Any differences reflect the effects of strut interference. Fig.6 shows the CD VS. a curves. Both Reynolds number cases show similar results. As 5f increases the CD decreases for most of the positive incidence region.
Similarly CD increases as the flap is deflected upward. Fig.6 shows that the incidence when the CD is a minimum, increases as the flap is deflected downwards.
The reason is explained as follows. As is seen in fig.5 , the incidence at which the CL becomes zero increases, as the flap deflection angle increases. Usually the minimum drag is attained when the CL is close to zero. Therefore, the incidence for the minimum CD increases as 5f increases. with no large vortex being formed. For the datum wing, it was observed in flow visualization tests that the leading-edge separation vortex begins to form at a=5.5deg. For 5f=10deg, the L/D attains the maximum value when the incidence is 5.6deg with no large vortex being formed. The non-existence of the large separation vortex at this incidence means that the wing has a smaller drag than that for the datum wing on which the leading-edge separation vortex is formed at almost the same incidence. Fig. 10 shows that CD at a=5.6deg for 6f=10deg is almost the same as that for the datum wing at a=3.6deg when there is no leading-edge separation vortex, and the datum wing achieves its maximum L/D ratio. However, CL at a=5.6deg for 5f=10deg is larger than that of the datum wing at a=3.6deg, because of the higher incidence. Hence this larger CL at a similar value of CD makes L/D for 5f=10deg much higher than that of the datum wing.
At higher incidence eg a=9.3deg, it is seen that the leading-edge separation vortex is formed over the wing and flap surface. The suction effect of the vortex, formed on the forward facing flap surface, causes the CD to be smaller than that of the datum wing, as was explained in ref.l.
With the larger vortex flap deflection of 30deg ( fig. 11 ), when CL is less than 0, the leading-edge separation vortex is formed under the wing causing a large increase in CD over that of the datum wing. From a=5.7deg to 9.5deg it is observed that the flow comes smoothly onto the deflected leading-edge without forming a large leading-edge separation vortex on the flap surface. However, the flow does separate at the flap hinge line and the vortex is formed inboard of that line. For the datum wing, the same CL as at a=5.7 to 9.5deg for 5f=30deg is attained at lower incidence (a is less than 5.5deg), and at these incidences it was observed that there is no leading-edge separation vortex on the datum wing. The existence of the vortex on the inboard wing for 5f=30deg causes much higher drag than that of the datum wing. The maximum L/D for 8f=30deg is achieved at an incidence of 9.5deg, but because of the inboard vortex, the value of (L/D)max is lower than that for 5f= lOdeg. At a = 15. Ideg where a large leading-edge separation vortex is formed on the flap as well as on the wing, the suction effect over the flap surface reduces CD below that of the datum wing. Consequently L/D is larger as shown in fig.7 . and without a vortex plate, at incidences from 3.7deg to 22.3deg. The Reynolds number was 6.1x10^. From this figure it is seen that the onset of the leading-edge separation vortex is between «=3.7 and 5.5deg for the datum wing, at a=5.5deg for g/Cr=0, at a=7.3deg for g/Cr=0.01 and at a=9.2deg for g/Cr=0.02. This means that the onset of the leading-edge separation vortex is delayed by the vortex plate, the delay increasing as g/Cr increases. fig. 16a ) and g/Cr=0.02 ( fig. 16b) . In order to plot the 100% leading-edge suction on Cj) vs. a curves in fig. 16 , it was assumed that (dCL/da) is equal to the measured value. For the datum wing, the measured value agrees with 0% leadingedge suction value quite well for 0deg< a <20deg region. For g/Cr=0.02 the measured value is less than the 0% leading-edge suction case for Odeg< a <30deg region, which suggests that by incorporating the vortex plate some leading-edge suction is recovered. This reduces the Co as was seen in fig. 13 and improves the L/D ratio as was seen in fig. 14. Ref. 12 suggested the existence of a separation vortex between the leading-edge of the wing and that of the vortex plate, but the smoke filament visualization tests here did not confirm the existence of a vortex, However, it seems that a separated flow acting on the forward facing region between the vortex plate and the wing produces some leading-edge suction force. 
